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Abstract. Water can be a major component of aerosol par-
ticles, also serving as a medium for aqueous-phase reac-
tions. In this study, a novel method is presented to calcu-
late the aerosol liquid water content at high relative humid-
ity based on measurements of aerosol hygroscopic growth
factor, particle number size distribution and relative humid-
ity in the Haze in China (HaChi) summer ﬁeld campaign
(July–August 2009) in the North China Plain. The aerosol
liquid water content calculated using this method agreed
well with that calculated using a thermodynamic equilibrium
model (ISORROPIA II) at high relative humidity (>60%)
with a correlation coefﬁcient of 0.96. At low relative hu-
midity (<60%), an underestimation was found in the cal-
culated aerosol liquid water content by the thermodynamic
equilibrium model. This discrepancy mainly resulted from
the ISORROPIA II model, which only considered limited
aerosolchemicalcompositions.Themeanandmaximumval-
ues of aerosol liquid water content during the HaChi cam-
paign reached 1.69×10−4 gm−3 and 9.71×10−4 gm−3, re-
spectively. A distinct diurnal variation of the aerosol liquid
water content was found, with lower values during daytime
and higher ones at night. The aerosol liquid water content de-
pended strongly on the relative humidity. The aerosol liquid
water content in the accumulation mode dominated the total
aerosol liquid water content.
1 Introduction
Water uptake by a dry particle composed of inorganic salts
takes place at a critical relative humidity – namely, deliques-
cence relative humidity (DRH) (Seinfeld and Pandis, 2006).
As the relative humidity (RH) increases, the hygroscopic
growth of aerosols will continue and become even much
faster when RH exceeds 80% (Engelhart et al., 2011). Once
the ambient RH reaches the critical supersaturation ratio of
aerosol particles, aerosols are activated into cloud droplets.
Water uptake by aerosol particles exerts an inﬂuence on
aerosol optical properties, leading to increased extinction co-
efﬁcient and impaired atmospheric visibility, changing the
planetary albedo, aerosol optical depth (AOD), and the di-
rect climatic effect of aerosols (Dougle et al., 1996; Seinfeld
and Pandis, 2006). Aerosol liquid water content (ALWC) can
also speed up the atmospheric chemical reaction rates and
serve as the medium for air–particle heterogeneous reactions
(Arellanes et al., 2006).
ALWC mostly depends on aerosol hygroscopicity and the
ambient RH. Under ambient RH higher than 90%, liquid wa-
ter makes up a great part of the aerosol volume (Kitamori et
al., 2009). Although the mass concentration of ALWC under
sub-saturated conditions is much lower than the liquid water
contents in clouds or fogs, ALWC plays an important role
in the tropospheric chemistry (Gelencsér and Varga, 2005).
ALWC has a signiﬁcant effect on the phase partitioning of
trace substances and the chemical reactions that take place
inside or on the surface of particulate matter (Kreidenweis et
al., 2008).
ALWC can be calculated with detailed aerosol chemical
information. However, simulations of aerosol hygroscopic-
ity and phase state could still be quite complicated even un-
derthethermodynamicequilibriumhypothesis.Ononehand,
ionscouldbecombinedinvariouswaysintoavarietyofsolid
components. On the other hand, the behaviour of the liquid-
phase substances in the aerosol are highly non-ideal due to
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the high concentrations of solutes under low RH (Wexler
and Clegg, 2002). Various aerosols can exist in a metastable
liquid state under the condition that dissolved salts are su-
persaturated, which makes it even more complicated for the
simulation process (Martin, 2000). Many aerosol thermo-
dynamic equilibrium models have been developed to simu-
late the process of aerosols dissolving in water and form-
ing ions, including EQUIL, MARS, AIM, E-AIM, SCAPE,
EQUISOLV, ISORROPIA etc. (Bassett and Seinfeld, 1983;
Saxena et al., 1986; Wexler and Seinfeld, 1991; Kim et al.,
1993; Jacobson et al., 1996; Nenes et al., 1998; Wexler and
Clegg, 2002). Zhang et al. (2000) compared the simulation
results of some of the above-mentioned models. Most mod-
els only consider how inorganic solutes inﬂuence the satu-
ration vapour pressure as solute (Raoult effect). Topping et
al. (2005a, b) developed a model called ADDEM, which con-
siders both the Raoult effect and the curvature effect of the
organic/inorganic aerosol components. Chang et al. (2001)
calculated the purely theoretical water content of ambient
aerosols with the ISORROPIA model to adjust the discrep-
ancy of PM10 (particles with aerodynamic diameter equal to
or less than 10µm) concentrations between the results mea-
sured by the β-gauge monitor and sampled by the hi-vol
sampler. Hennigan et al. (2008) predicted the liquid water
concentration with the ISORROPIA II thermodynamic equi-
librium model, using mean sulfate, nitrate, and ammonium
concentrations from the August 1999 Atlanta Supersite data.
Though the model does not consider the effect of organics on
water uptake, they thought that the high inorganic concentra-
tions of PM2.5 (particles with aerodynamic diameter equal to
or less than 2.5µm) suggest that the model results provide a
reasonable estimate.
Another way to obtain the ALWC is based on size-
resolved aerosol hygroscopic growth factors and particle
number size distributions (PNSDs). Aklilu et al. (2006) used
the Quadrupole Aerosol Mass Spectrometer (Q-AMS) to
measure size-resolved aerosol chemical component informa-
tion and assumed constant growth factors for organic compo-
sitions. A simpliﬁed model that is based on the Zdanovskii–
Stokes–Robinson (ZSR; Stokes and Robinson, 1966) mixing
rule (the hygroscopicity of mixed aerosols is computed by
weighting hygroscopicity of each component according to
their dry volume fractions) is then applied to simulate the
aerosol growth factors. The comparison between the sim-
ulated growth factors and those measured by the Hygro-
scopicityTandemDifferentialMobilityAnalyser(H-TDMA)
shows that, for aerosols with sulfate as main inorganic com-
ponent, the simulated result is similar to the measured one.
For aerosols with large proportions of nitrate in the inor-
ganic compositions, the simulated result is higher than the
measurement. Similar results have been reported by Gysel
et al. (2007). With aerosol chemical components from size-
segregated ﬁlter sampling, Meier et al. (2009) calculated the
aerosol growth factors at different particle sizes with a model
andthencompareditrespectivelywiththeH-TDMAandHu-
midifying Differential Mobility Particle Sizer measurements.
The modelling results based on measured chemical compo-
nents could only reproduce the hygroscopic growth factors’
variation pattern with size as was observed by the other two
methods.
Combining the aerosol PNSD with the aerosol hygro-
scopic growth characteristics, real-time ALWC can be calcu-
lated. Engelhart et al. (2011) used the Dry-Ambient Aerosol
Size Spectrometer to observe the volume growth factor after
aerosol water uptake, and then combined it with the PNSD
measured by a Scanning Mobility Particle Sizer to calcu-
late the ALWC. Comparison between the results calculated
with volume growth factor and PNSD and the ALWC mea-
sured by a Q-AMS that directly collected ambient aerosol
in the same ﬁeld campaign was made. Comparison results
displayed a similar variation pattern of growth factors with
size. However, the absolute values showed great discrepan-
cies. For ambient RH greater than 70%, the RH values which
were recorded by the sensors on the Dry-Ambient Aerosol
Size Spectrometer and Q-AMS showed outstanding differ-
ences, which is why the data observed under RH >70% were
discarded in their research.
With increasing RH, aerosols will grow in size due to hy-
groscopic growth processes (Cheng et al., 2008). Especially
under high RH (RH >90%), a rapid increase of aerosol hy-
groscopic growth factors (Liu et al., 2011) and aerosol ex-
tinction coefﬁcients (Chen et al., 2012) were found, which
will lead to more signiﬁcant impacts of aerosols on cli-
mate. Therefore, the study of ALWC under high RH con-
ditions is particularly important. However, only limited re-
search has been performed on this subject. Jung et al. (2009)
did a comparative analysis about aerosol mass scattering ef-
ﬁciency and single scattering albedo at both ambient and dry
RH in the Pearl River Delta, China, and then used the re-
sult to represent the effect of ALWC on visibility and radia-
tive forcing. The highest RH value was beyond 90% dur-
ing the campaign. Instead of calculating the ALWC to quan-
tify the effect of ALWC on visibility and radiative forc-
ing, they only used the ambient RH as a proxy for ALWC
to make qualitative descriptions. Kreidenweis et al. (2008)
measured the hygroscopic properties of several compounds
(sodium chloride (NaCl), ammonium sulfate ((NH4)2SO4),
oxalic acid ((HOOC)–(COOH)), etc.) at RH ∼90% to cal-
culate the ALWC at different RHs (10–99%) in a laboratory,
and then compared it with the ALWC simulated from the
AIM model. The results retrieved from these two methods
showed a signiﬁcant difference for RH below 85%. Aggar-
wal et al. (2007) used an H-TDMA to measure the ALWC
at the RH of 5 to 95% generated from the water extracts of
ambient aerosol ﬁlter samples that were collected by a high
volume air sampler.
In this paper, High Humidity Tandem Differential Mo-
bility Analyser (HH-TDMA, Hennig et al., 2005) mea-
surements under high RH (90–98.5%) conditions are uti-
lized to acquire aerosol hygroscopicity information using the
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κ-Köhler theory (Petters and Kreidenweis, 2007). The result
is used to estimate the size-resolved aerosol growth factors
at RH from 20 to 99%, and then combined with the mea-
sured PNSD to calculate the ALWC in July–August 2009 in
Wuqing area. A comparison is made between the ALWC ob-
tained by the above-described method and the results sim-
ulated by the ISORROPIA II model with size-segregated
aerosol chemical component information as input. In addi-
tion, the inﬂuences of both RH and PNSD on the ALWC are
analysed in detail.
2 Data and measurements
2.1 Site
The North China Plain (NCP) has experienced rapid eco-
nomic developments during the past few decades. Mean-
while, the air pollution in this area has become a very se-
rious problem (Xu et al., 2011). The Haze in China (HaChi)
project was jointly sponsored by Peking University and the
Leibniz Institute for Tropospheric Research (TROPOS) dur-
ing July–August 2009 at the Wuqing Meteorological Station
(39◦230 N, 117◦010 E, 7.4ma.s.l.). For description of the site
and measurements see Liu et al. (2011) and Ran et al. (2011).
The time zone that contains this site is in UTC+8, so all
of the time is reported as UTC+8 in this paper. Figure 1
shows the location of Wuqing site, the major neighbouring
cities and the average geographical distribution of MODIS
(Moderate Resolution Imaging Spectroradiometer) AOD at
550nm wavelength in 2009. As shown by the AOD distribu-
tion, AOD values are high over the entire NCP (AOD>0.6).
In addition, the AOD distribution is relatively homogeneous
overtheintercityarea.TheAODvalueisabout0.7atWuqing
site, which is close to the average AOD of the NCP. There-
fore, this site is highly representative of the general situation
of aerosol pollution in the NCP.
2.2 Instrumentation
The aerosol hygroscopic growth properties at high humid-
ity, the aerosol PNSD at dry state, the aerosol chemical com-
ponents and the ambient temperature and RH were sampled
from 15 July to 15 August 2009. Here the aerosol PNSD
at dry state refers to the PNSD measurements which were
conducted under RH below 40%. During the campaign, the
HH-TDMA and the Twin Differential Mobility Particle Sizer
(TDMPS)/Aerodynamic Particle Sizer (APS) for the aerosol
hygroscopicity and PNSD measurements were housed in a
mobile laboratory consisting of a reﬁtted shipping container.
The sample ﬂow was dried to RH less than 40% before ﬂow-
ing into the laboratory (Tuch et al., 2009). The room temper-
ature of the laboratory was kept steady at 20 ◦C. The Berner
low-pressure impactor (BLPI) for the aerosol ﬁlter sampling
was placed near the Automatic Weather Station in an open
ﬁeld. The stage ﬁlms of the BLPI were changed twice a day.
Figure 1. MODIS AOD distribution and the location of the mea-
surement site (red star) and regional mega cities (circle).
Measurements were made from 11:00 to 17:00LT and from
20:00to02:00LT.Thesampleswerecarefullystoredatabout
−20 ◦C for further analysis.
The HH-TDMA is an important instrument in this study,
designed to measure the size-resolved aerosol hygroscopic
growth characteristics at high RH (90–98.5%) (Hennig et al.,
2005). The basic principle is similar to that of the H-TDMA
(Rader and McMurry, 1986). The widely used H-TDMA are
not able to hold the RH of aerosols and sheath ﬂow stable,
for RH >90%. To measure the aerosol hygroscopic growth
at high RH, TROPOS used the technique of temperature-
controlled water bath and re-designed the HH-TDMA based
on the H-TDMA.
The TDMPS (Birmili et al., 1999) includes two Hauke-
type DMAs that have different effective centre rod lengths
which measure aerosol particles in size range of 20–800nm
and 3–20nm, respectively. The two Condensation Particle
Counters are used to count the aerosol particles downstream
of the two DMAs. Combining the counts from the two Con-
densation Particle Counters, the TDMPS can measure the
PNSD of aerosol particles from 3–800nm (electrical mobil-
ity diameter). A complete scan of the TDMPS takes 10min.
The APS (Model 3320, TSI, Inc., Shoreview, MN, USA)
was used to measure the aerosol size distribution from 0.5 to
10µmaerodynamicparticlediameter(ArmendarizandLeith,
2002).
Detailed information on the pre-processing of the TDMPS
data can be found in Ma et al. (2011). Using the algorithm
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described by DeCarlo et al. (2004), electrical mobility equiv-
alent diameter measured by TDMPS and aerodynamic equiv-
alentdiametermeasuredbyAPSweretransformedtovolume
equivalent diameter. The density was assumed as 1.7gcm−3
directly. Then the PNSD were interpolated into a logarithmi-
cally uniformly spaced diameter from 3nm to 10µm. More-
over, the PNSD data were adjusted for impaction losses, dif-
fusion losses and gravitational losses. The temporal resolu-
tion of the PNSD data was 10min.
The BLPI segregates aerosols into 10 stages. The sampler
segregates diameters by different sized oriﬁces which lead to
different ﬂow rates. Every stage is made up of two parts: air
ﬂows across the jet hold on the ﬁrst part and particles with
diameters larger than the cut-off diameter of that stage will
be collected by the sampling ﬁlter on the second part. When
the air ﬂow passes through the instrument, particulates with
different diameters will impact on different stages with ﬁlters
collecting them (Hillamo and Kauppinen, 1991). Excluding
stage 10, the measuring range is from 15nm to 8µm, segre-
gated into nine stages. The lower and upper bounds for each
stage are shown in Table 1. For detailed information about
the particle size ranges and mean diameters for the individ-
ual impactor stages see Liu et al. (2014). By preweighing and
then weighing and analysing the ﬁlms afterwards in the lab-
oratory, the stage-segregated aerosol chemistry information
was determined.
3 Methods
3.1 Size-resolved hygroscopic growth factors
(g(D,RH)) based on HH-TDMA observation
ParticlewateruptakecanberepresentedbytheKöhlertheory
(Köhler, 1936). Recently, some single-parameter representa-
tions of the Köhler equation have been proposed previously
(Rissler et al., 2006; Petters and Kreidenweis, 2007; Wex et
al., 2007). In this study, a widely used hygroscopicity param-
eter κ is used to analyse the hygroscopic growth of particles
in the subsaturated regime. Based on the Köhler equation, the
physical quantities about aerosol hygroscopicity are simpli-
ﬁed to κ to obtain a new equation, named “κ-Köhler theory”
(Petters and Kreidenweis, 2007). According to this theory,
S(D), the saturation ratio over the hydrated particulate solu-
tion surface, can be calculated from
S(D) =
D3 −D3
d
D3 −D3
d (1−κ)
exp

4σs/aMw
RρwD

, (1)
where σs/a is the surface tension coefﬁcient, Mw is the mole
mass of water, R is the universal gas constant, T is the tem-
perature, ρw is the density of water, Dd is the diameter of dry
particle and D is the diameter of wet particle. S is as same as
RH at this condition. For a known T and S, the relationship
between κ and g(Dd,RH), the hygroscopic growth factor at a
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Figure 2. Size-resolved κ (blue line) and the corresponding mean
values ±1 standard deviation of observed κ (green circles and error
bars) of particles with dry diameters of 50, 100, 200 and 250nm
during the HaChi summer campaign.
certain diameter Dd and a certain RH, can calculated by
κ =

g(Dd,RH)3 −1

1
RH
exp

4σs/aMw
RTρwDd ·g(Dd,RH)

−1

, (2)
where g(Dd,RH) = D

Dd. In this study, the T used to calcu-
lateκ is setto 293K asthe room temperature of our container
at the site, and σs/a is assumed to be the surface tension coef-
ﬁcient between water and air (about 0.0728Nm−1 at 293K).
Liu et al. (2011) found that, for a certain particle diameter,
the according growth factors varies with RH. The κ value,
however, does not vary with RH. The HH-TDMA was used
to measure the hygroscopic growth factors and the hygro-
scopicity parameter κ at four dry aerosol diameters (50, 100,
200 and 250nm) in this campaign. Calculations need to be
made to derive a size-resolved hygroscopic growth factors.
First, a four-mode lognormal distribution is applied to ﬁt the
measured PNSD, yielding ﬁtting parameters for each mode
(Hussein et al., 2005). Afterwards, assuming that κ is con-
stant within the same mode, the measured κ can be used to
deduce the corresponding κ for each of the four modes of the
reconstructed PNSDs. Considering that the primary chemi-
cal component of the coarse particles is nearly hydrophobic,
the κ for the coarse mode is assumed to be 0. Then the size-
resolved κ can be calculated by combining the four-mode
ﬁtting results with the measured κ values at certain particle
diameters (Fig. 2). Finally, the size-resolved κ is substituted
into Eq. (2) to calculate the size-resolved growth factors at
20–99% RH, respectively. The detail of the ﬁtting and cal-
culating process is described by Chen et al. (2012).
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Table 1. The lower and upper bounds for each stage of the BLPI. They represent the 50% cut-off aerodynamic diameters.
Impactor stage 1 2 3 4 5 6 7 8 9 10
Lower bound (µm) 0.015 0.03 0.06 0.125 0.25 0.5 1 2 4 8
Upper bound (µm) 0.03 0.06 0.125 0.25 0.5 1 2 4 8 16
3.2 Calculation of ALWC from g(D,RH)
With the assumption of the conservation of volume during
the aerosol hygroscopic process, the volume of ALWC is
equal to subtracting the volume of dry aerosol particles from
that of wet particles. Using the size-resolved hygroscopic
growth factors and the PNSD measurement, the ALWC can
be calculated:
ALWC =
"
π
6
X
i
NiD3
d,i

g(Dd,RH)3 −1

#
· ρw, (3)
where Ni
 
Dd,i

represents the number concentration of dry
particles of the ith bin, Dd,i is the particle diameter of that
bin, and ρw is 1gcm−3 in this study. ALWC is given in the
unit of gm−3 of air.
3.3 Simulation of ALWC from ISORROPIA II model
ISORROPIAIIisacomputationallyefﬁcientthermodynamic
equilibrium model developed recently by Fountoukis and
Nenes (2007). All chemical components the BLPI ﬁlter sam-
ple analysis yielded are considered in this model except for
the organic species. Liu et al. (2014) shows that the over-
all particle hygroscopicity is mostly contributed by inorganic
compounds in the NCP and the water-soluble organic com-
pounds play a critical role only for ultraﬁne particles smaller
than 100nm. The thermodynamics of the crustal species in-
cluding Ca2+, K+ and Mg2+ have been added to the model’s
treatment components along with NH+
4 , Na+, SO2−
4 , NO−
3 ,
Cl− and H2O, but organic species are not taken into ac-
count. ISORROPIA II is used to model the ALWC (the tem-
perature was set to 293K). ISORROPIA II exhibits robust
and rapid convergence under all conditions, with especially
prominent performance on computational speed. Based on
its computational rigour and performance on computational
speed, ISORROPIA II appears to be an extremely desirable
choice for large-scale atmospheric transport and air quality
models (Fountoukis and Nenes, 2007). The ISORROPIA II
model can simulate the ALWC with the input of aerosol
chemical composition measured by BLPI sampling (Liu et
al., 2014).
ISORROPIA II model assumes that the aerosol curvature
effect can be ignored and the water uptake of aerosols has
no effect to the ambient vapour pressure. Consequently, the
water activity aw is equal to the ambient RH caused by the
phase equilibrium between gas and aerosols (Seinfeld and
Pandis, 2006):
aw = RH. (4)
The water uptake of aerosols is calculated with the ZSR hy-
pothesis
ALWC =
X
i
Mi
moi (aw)
, (5)
where Mi is the mole concentration of the electrolyte i
(molm−3 air) and moi (aw) is the corresponding molality of
the binary solution of the electrolyte i under the same aw
with complex solution.
4 Results and discussion
4.1 Comparison between the two methods to estimate
the ALWC
The aerosol liquid water content calculated from the mea-
sured hygroscopic growth factors is compared with the re-
sults modelled with ISORROPIA II. As can be seen in Fig. 3,
at low RH, the ISORROPIA II ALWC values are much
smaller than those calculated from the growth factors. With
increasing RH, the two results gradually converge. For RH
over 60%, the results from the two methods agree well with
a correlation coefﬁcient R of 0.96. The possible explanations
for these results can be summarized as follows.
First, the more complicated the aerosol chemical compo-
sition, the lower the DRH of aerosol becomes (Seinfeld and
Pandis, 2006). Thus, due to the limited types of inorganic
species considered in the ISORROPIA II model, the mod-
elled DRH is much higher than that in the real atmosphere.
For RH below the modelled DRH (around 60%), aerosol is
predicted to be still in a dry state, not signiﬁcantly hydrated,
and with small ALWC, whereas in the real atmosphere it
might have already crossed over to a hydrated state. The
modelled ALWC are therefore much lower than those cal-
culated with the growth factors at RH below the simulated
DRH.
Furthermore, ISORROPIA II assumes that the aerosol is
completely dry at the beginning of the simulation, then dis-
solveseachofitssaltcomponentsandsimulateswateruptake
as the ambient RH increases. This solution dynamics is dif-
ferent from that of some other models, like SCAPE2, which
leads to the fact that the ISORROPIA II modelled ALWC
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Figure 3. Comparison between ALWC calculated from measured
growth factors (ALWC-GF) and modelled with ISORROPIA II
(ALWC-ISO II); the colour of the dots present their corresponding
RHs; the solid line shows the 1:1 line.
results under low RH are not only lower than the growth fac-
tors calculated result, but also lower than that modelled by
SCAPE2 (Fountoukis and Nenes, 2007).
ThemodelledALWCisclosertothecalculatedoneathigh
RH. The shape and mixing state of aerosols is not considered
in the ISORROPIA II and the effect of non-spheroids is also
ignored. Thus, the “inverse Kelvin effect” is disregarded in
the ISORROPIA II. This effect enhances the water uptake of
real aerosols compared with the ﬂat surface that is assumed
in ISORROPIA II and also leads to a decrease in the DRH
(Sjogren et al., 2007).On the other hand, the κ values used
to calculate the size-resolved hygroscopic growth factors are
measured under high RH conditions (>90%), so the deli-
quescence process is not considered in the calculation. For
RH below the DRH, a discrepancy may exist between the
calculated ALWC and the true value.
4.2 Time series and diurnal variation of liquid water
content
Figure 4a shows the time series of ALWC calculated from
the growth factors at ambient RH during the HaChi sum-
mer campaign. During the campaign, the maximum value
of ALWC is 9.71×10−4 gm−3, with an average value of
(1.69±1.64)×10−4 gm−3. Although these values are much
lower than the ALWC in clouds measured by aircraft over
this region (Deng et al., 2009), the signiﬁcance of ALWC
cannot be ignored. The life time of a cloud is about several
hours, but aerosols may last for several days in the air (Sein-
feld and Pandis, 2006). The ALWC also plays an important
role in atmospheric chemistry and radiation in the NCP due
to high aerosol loading and the long lifetime of aerosols.
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The calculated ALWC shows an obvious diurnal variation
(Fig. 4b). During the daytime, the ALWC stays at low level.
After 18:00LT, the ALWC begins to rise to relatively high
values, since particle emissions are accumulated in the nar-
rowed surface layer with RH increasing simultaneously. The
maximum ALWC appears at 06:00LT. Afterwards it drops
slightly as a result of increased surface temperature that leads
to the growth of the boundary layer and reduces the rela-
tive humidity (Stull, 1988). Due to the vehicle combustion
resulting from rush hours, the ALWC does not decrease very
quickly during 06:00–09:00LT. After that period, a rapid re-
duction in the ALWC can be observed. The growth factors
of most particles vary little in a day, hence have only slight
inﬂuence on the diurnal variation of the ALWC. During the
campaign, no regular variation patterns of the daily averaged
ALWC could be found (Fig. 4c).
4.3 Factors inﬂuencing the ALWC
4.3.1 Impacts of RH
According to Eq. (3), the absolute value of ALWC depends
to a great extent on the dry aerosol volume. To evaluate how
RH impacts the ALWC, the inﬂuence of the dry volume of
aerosols has to be removed. Consequently, a physical quan-
tity called relative ALWC is deﬁned as
RelativeALWC = ALWC

Cvolume, (6)
where Cvolume represents the volume concentration of dry
aerosol particles.
The physical meaning of the relative ALWC is the mass of
water absorbed by a unit volume of dry aerosols. A signif-
icant positive correlation can be found between the relative
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Figure 5. The relationship between relative ALWC and RH. Rela-
tive ALWC is deﬁned as the mass of water absorbed by unit volume
of dry aerosols. The black dots represent the relative ALWC calcu-
lated with ALWC and aerosol volume concentration. The red line
shows the curve ﬁtted with Eq. (7).
ALWC and RH using all of the calculated ALWC and the ac-
cording aerosol volume concentration and ambient RH val-
ues during the HaChi campaign (Fig. 5). Under low RH,
the relative ALWC rises slowly with RH. When RH ex-
ceeds 80%, the relative ALWC increases rapidly with RH,
which means that RH is an important inﬂuencing factor in
the ALWC variation.
To describe the relationship between relative ALWC and
RH, a two-parameter ﬁtted function is used with the relative
ALWC and the ambient RH (Fig. 5):
RelativeALWC = a

(1−RH)bRH −1

, (7)
where the ﬁtted parameters a and b are 0.91 and −0.78, re-
spectively. The coefﬁcient of determination R2 is 0.99 ap-
proximately.
4.3.2 Impacts of PNSD
PNSD is another important factor inﬂuencing the aerosol liq-
uid water content. The aerosol particles are separated into
four modes according to their different origins (Whitby,
1978; Birmili et al., 2001): nucleation mode (<30nm),
Aitken mode (30–110nm), accumulation mode (110nm–
1µm) and coarse mode (>1µm). The relationship between
ALWC and the number concentration of each mode has been
analysed to evaluate the impacts of PNSD on the ALWC.
These relationships under ﬁve different RH conditions are
discussed based on the discussion of RH impact above. Then
the ALWC is linearly ﬁtted with the number concentrations
of particles in each mode under varying RH conditions.
Table 2 shows the coefﬁcient of determination of the lin-
ear regressions of ALWC and particulate number concentra-
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Figure 6. Coloured dots show the variation of the ALWC with cor-
responding number concentrations of accumulation mode particles,
with the colour segregated by the RH stages. The dashed lines rep-
resent the ﬁtting results in accumulation mode under varying RH
conditions.
Table 2. The coefﬁcient of determination of each aerosol mode un-
der different RH conditions.
RH (%) Coefﬁcient of determination (R2)
Nucleation Aitken Accumulation Coarse
mode mode mode mode
≤ 60 0.16 0.02 0.54 0.35
60–70 0.11 0.01 0.76 0.59
70–80 0.10 0.01 0.74 0.58
80–90 0.11 0.10 0.62 0.48
>90 0.04 0.32 0.78 0.35
tions. The R2 values of the nucleation and the Aitken mode
particles are mostly less than 0.2 under all the RH condi-
tions, which suggests that the particle number concentrations
of those two modes have little inﬂuence on the ALWC due
to their small volume concentration and low hygroscopicity.
The hygroscopicity of aerosol particles in these two modes
is relatively low because of their origins (Swietlicki et al.,
1999). For RH >90%, the coefﬁcient of determination of the
Aitken mode particles is 0.32 and is much higher than the
R2 values under other RH conditions. This is because the
more-hygroscopic particles in the Aitken mode absorb much
more water when RH is higher than 90%. Freshly emitted
hydrophobic particles such as externally mixed black carbon
particles are mostly in the ﬁne modes. Besides, the signiﬁ-
cant Kelvin effect also leads to higher hygroscopic growth
factors for particles in the coarse mode than for those in
ﬁne modes (Väkevä et al., 2002). For the coarse mode, the
R2 are between 0.3 and 0.6 under all the RH conditions.
This shows an existent but not remarkable correlation be-
tween the ALWC and the number concentration. Although
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some aerosols in the coarse mode are water soluble and have
certain impacts on the ALWC, nearly hydrophobic aerosols,
such as dust particles, contribute a large number fraction to
the coarse mode (Hussein et al., 2004; Liu et al., 2008, 2014).
The R2 for the accumulation mode is signiﬁcantly higher
than those for the other three modes (Fig. 6). All the results
are above 0.6 at RH >60%. This indicates that the num-
ber concentration of the accumulation mode plays a signif-
icant role in the ALWC variation. Accumulation mode parti-
cles are mostly aged, secondary aerosol and are transported
within boundary layer and subjected to cloud processing,
which leads to higher hygroscopicity than those of the nu-
cleation and Aitken mode aerosols (Swietlicki et al., 1999;
Vignati et al., 2004). Accumulation mode particles also have
a large volume fraction of aerosols.
5 Summary
ALWC is an important physical quantity that can signif-
icantly inﬂuence aerosol optical and chemical properties.
However, direct measurement of ALWC is hard to achieve,
especially under high RH conditions. In this paper, a novel
method to calculate the ALWC from aerosol hygroscopic-
ity measurements is proposed based on the size-resolved
aerosol hygroscopic growth factors, PNSD, and RH. The
size-resolved aerosol growth factors are obtained using the
κ-Köhler theory with the HH-TDMA measurements under
high RH (90–98.5%).
The ALWC is also modelled using ISORROPIA II model
with the input of measured aerosol chemistry data during the
summertime ﬁeld campaign in 2009. Comparisons between
the ALWC results calculated by hygroscopic growth factors
andmodelledbyISORROPIAIIshowthatunderlowRH,the
modelled results are much smaller than the calculated ones.
With the increase of RH, the results from these two methods
gradually converge together. They agree well with each other
atRHhigherthan60%,withacorrelationcoefﬁcientof0.96.
The maximum value of ALWC calculated with aerosol hy-
groscopicitymeasurementsintheNCPbetweenJulyandAu-
gust 2009 reaches 9.71×10−4 gm−3, with an average value
of1.69×10−4 gm−3.TheALWCexperiencessigniﬁcantdi-
urnalvariationsatWuqingsite,withlowervaluesduringday-
time and higher ones during night-time. Aerosol liquid water
content is highly related to the relative humidity. The con-
tribution to the aerosol liquid water content from the accu-
mulation mode is dominating among all the aerosol particle
modes.
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